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ADAPTIVE CHANNEL BANDWIDTH 
SELECTION FOR MIMO WIRELESS SYSTEMS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the benefit of U.S. Provisional 
Application No. 60/470,743, filed on May 14, 2003, which is hereby incorporated 
by reference in its entirety. 

FIELD OF THE INVENTION 
[0002] The present invention relates to wireless communications 
systems, and more particularly to a link adaptation module for multiple input 
multiple output (MIMO) wireless communications systems. 

BACKGROUND OF THE INVENTION 
[0003] Multiple input multiple output (MIMO) wireless communications 
systems include multiple antennae. Spectrally efficient techniques are employed 
to increase data rates over wireless channels, which typically have limited 
bandwidth and transmit power. Space-time processing techniques are 
commonly used to increase spectral efficiency and data throughput per channel 
bandwidth, which is commonly measured in bits per second per Hertz. For 
example, techniques such as adaptive array processing, spatial multiplexing, and 
space-time coding are employed to increase spectral efficiency and the reliability 
of data that is wirelessly transmitted in a fading environment. 
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[0004] There is interest in applying space-time processing techniques 
such as spatial multiplexing and space-time block coding to next generation 
wireless local area networks (WLANs). For example, the IEEE 802.11 high- 
throughput study group (HTSG) has proposed systems that have throughputs in 
excess of 100 Mbps. This requires a data rate that is greater than 150 Mbps to 
account for overhead from medium access control (MAC) device headers. 

[0005] Referring to Figure 1, a MIMO wireless communications system 
10 includes a wireless communications device 11 and a wireless 
communications device 12. The wireless communications device 11 includes a 
radio frequency (RF) transceiver 13 with M antennae 14. The wireless 
communications device 12 includes a RF transceiver 15 with N antennae 18. 
The wireless communications device 11 also includes a space-time processor 
20. An input of the space-time processor 20 receives a symbol sequence 

b = {bo, th, b 2 with k symbols. The space-time processor 20 formats the 

symbols for transmission and feeds the symbols to the RF transceiver 13. 
Symbols are transmitted by the M antennae 14 during one or more symbol 
periods. 

[0006] In one configuration, the space-time processor 20 implements 
spatial multiplexing. Spatial multiplexing ideally produces an M-fold increase in 
system capacity (in bits per second per Hertz), where the RF transceiver 13 
includes the M antennae 14 and the RF transceiver 15 includes the N antennae 
18, and where N is greater than or equal to M. For example, with first and 
second antennae at RF transceiver 13, the first antenna transmits symbol d and 
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the second antenna transmits symbol c 2 during a first symbol period. During a 
second symbol period, the first antenna transmits symbol c 3 and the second 
antenna transmits symbol c 4 . This approach requires that the system operates in 
a rich-scattering environment and that transfer functions between pairs of 
antennae at the wireless communications devices 11 and 12, respectively, are 
uncorrelated and may be separated by the wireless communications device 12. 
This is conceptually equivalent to transmitting data across M independent 
channels. 

[0007] In another configuration, the space-time processor 20 
implements space-time block coding. A space-time block code generates blocks 
that include one or more symbols. For example, the space-time processor 20 
may implement a rate-1 orthogonal space-time code that encodes two symbols 
per block. With first and second antennae at RF transceiver 13, two symbols are 
transmitted during two consecutive symbol periods. For example, during a first 
symbol period, the first antenna transmits c 7 and the second antenna transmits 
c 2 . During a second symbol period, the first antenna transmits -c\ and the 
second antenna transmits c\ , where c\ and c 2 are the complex conjugates of c 7 
and c 2 , respectively. The space-time processor 20 transmits complex conjugates 
of the symbols to add redundancy and to allow a wireless communications 
device to reconstruct a signal in the event that a transmission path experiences 
noise and fading. 

[0008] The N antennae 18 of the RF transceiver 15 receive signal 
transmissions through h r „ illustrated at 22, where h 9 is the channel estimation of 
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the channel between antenna i of RF transceiver 13 and antenna j of RF 
transceiver 15 during a symbol period. The wireless communications device 12 
includes a space-time combination module 24. The RF transceiver 15 sends 
received symbols to an input of the space-time combination module 24. 

[0009] The space-time combination module 24 outputs decoded data 
sequence b = $ 0 ,b l ,b 2 ,...,b i _ l \ based on the received symbols. The space-time 
combination module 24 employs combining techniques such as zero-forcing or 
minimum mean square error (MMSE) techniques. With MMSE, received 
symbols are linearly combined using a set of weights that yields a minimum 
mean square error between the estimated sequence and the true sequence. 
Non-linear techniques such as V-BLAST may also be employed. 

[0010] V-BLAST utilizes a recursive procedure that sequentially detects 
different signal components from antennae of the RF transceiver 15 in an optimal 
order. Spatial multiplexing is preferred over space-time block coding due to the - 
M-fold increase in throughput with the addition of M antennae at the wireless 
communications device 11. However, successful utilization of spatial 
multiplexing requires a wireless communications system that operates in a rich- 
scattering environment. 

[0011] Referring now to Figure 2, a first wireless communications 
system 32 operates in a rich-scattering environment. The first wireless 
communications system 32 includes a transceiver 34 with first and second 
antennae 36-1 and 36-2, respectively, and a remote transceiver 38 with an 
antenna 40. In a rich-scattering environment independent transmission paths 42 
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exist between pairs of antennae at the transceivers 34 and 38, and many 
reflections, illustrated at 44, occur. The transmission paths 42 are uncorrelated 
at the remote transceiver 38, and line of sight (LOS) does not exist between pairs 
of antennae at the transceivers 34 and 38. 

[0012] Referring now to Figure 3, in a second wireless communications 
system 46, LOS exists between the second antenna 36-2 at the transceiver 34 
and the antenna 40 at the remote transceiver 38. The transmission paths 48-1 , 
48-2, 48-3, and 48-4 may be correlated at the remote transceiver 38 and/or the 
received signal at the remote transceiver 38 may be dominated by transmission 
path 48-3. This can complicate the separation of independent transmissions. 
Insufficient scattering and/or spacing between pairs of antennae at the 
transceivers 34 and 38 can cause fading to be correlated. Additionally, in a 
"keyhole" effect environment, fading is correlated when multiple transmissions 
merge and then diverge, which complicates signal separation at the remote 
transceiver 38. Space-time processing techniques are largely ineffective in LOS 
and "keyhole" effect environments as well as other situations that cause fading 
correlation. 

[0013] Significant increases in transmit power are required to maintain 
a desired throughput while such environments exist. However, many wireless 
communications systems at given bandwidths are power-limited by regulatory 
bodies. Polarization and/or array geometries of antennae at the local and remote 
transceivers 34 and 38, respectively, may also be exploited by spreading out 
antenna elements or by adding reflectors that create scattering. However, both 



l:\MP0354\MP0354_Application_MDW_1 2 J 7_2003.doc 
Express Mail Label No. EL623307515US ~ 



5 



Marvell Reference No. MP0354 

options are very expensive and may be 
such as WLAN for home use. 



PATENT 

prohibitive for consumer applications 



SUMMARY OF THE INVENTION 

[0014] A wireless communications device for a multiple input multiple 
output (MIMO) wireless communications system according to the present 
invention includes a radio frequency (RF) transceiver that includes at least two 
antennae and a medium access control (MAC) device that includes a link 
adaptation module. The link adaptation module dynamically adjusts a bandwidth 
of the wireless communications device based on a transmission error rate and a 
correlation measurement at a remote wireless communications device. 

[0015] In other features, the link adaptation module includes a 
transmission error module that receives the transmission error rate from the 
remote wireless communications device and that generates a transmission error 
control signal based thereon. The transmission error module generates the 
transmission error control signal by comparing the transmission error rate to a 
predetermined error rate. The link adaptation module includes a signal 
correlation module that receives the correlation measurement from the remote 
wireless communication device and that generates a signal correlation control 
signal based thereon. The signal correlation module generates the signal 
correlation control signal by comparing the correlation measurement to a 
predetermined correlation measurement. The link adaptation module adjusts the 
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bandwidth based on the transmission error control signal and the signal 
correlation control signal. 

[001 6] In still other features of the invention, the MAC device includes a 
space-time processor. The link adaptation module adjusts an amount of spatial 
multiplexing that is executed by the space-time processor based on the 
transmission error control signal and the signal correlation control signal. The 
transmission error rate is one of a frame error rate (FER), a bit error rate (BER), 
a packet error rate (PER), and a signal quality (SQ) measurement. The 
correlation measurement is a rank of a channel matrix of the MIMO wireless 
communications system. The correlation measurement is an angle of array 
(AOA) of the signal at the wireless communications device. The correlation 
measurement is a received signal strength indicator (RSSI) that indicates a 
strength of the signal at the wireless communications device. The correlation 
measurement is based on a signal quality (SQ) measurement and a signal-to- 
noise ratio (SNR) of the signal at the wireless communications device. 

[0017] In yet other features, the link adaptation module increases the 
bandwidth when the transmission error rate is greater than a predetermined error 
rate. The link adaptation module decreases the amount of spatial multiplexing 
when the transmission error rate is greater than a predetermined error rate. The 
link adaptation module decreases the bandwidth when the transmission error 
rate is less than a predetermined error rate and the correlation measurement is 
less than a predetermined correlation measurement. The link adaptation module 
increases the amount of spatial multiplexing when the transmission error rate is 
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less than a predetermined error rate and the correlation measurement is less 
than a predetermined correlation measurement. The space-time processor 
disables spatial multiplexing when the transmission error rate is greater than a 
predetermined error rate and the correlation measurement is greater than a 
predetermined correlation measurement. The link adaptation module adjusts 
one of a signal constellation size, a coding rate, and a transmit power of the 
wireless communications device to maintain a desired throughput. 

[0018] In still other features of the invention, the remote wireless 
communications device generates at least one of the transmission error rate and 
the correlation measurement. The remote wireless communications device 
includes at least two antennae. A first number of antennae at the remote 
wireless communications device is at least as great as a second number of 
antennae at the RF transceiver. The space-time processor executes a Ml MO 
modulation system that includes spatial multiplexing. The MIMO modulation 
system further includes space-time coding. The wireless communications device 
is otherwise compliant with at least one of IEEE 802.11, 802.11a, 802.11g, 
802.1 1n, and 802.16. 

[0019] Further areas of applicability of the present invention will 
become apparent from the detailed description provided hereinafter. It should be 
understood that the detailed description and specific examples, while indicating 
the preferred embodiment of the invention, are intended for purposes of 
illustration only and are not intended to limit the scope of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The present invention will become more fully understood from 
the detailed description and the accompanying drawings, wherein: 

[0021] Figure 1 is a functional block diagram of a multiple in multiple 
out (Ml MO) wireless communications system that implements space-time 
processing according to the prior art; 

[0022] Figure 2 illustrates a wireless communications system in a rich- 
scattering environment according to the prior art; 

[0023] Figure 3 illustrates a wireless communications system in a line 
of sight (LOS) environment where fading is correlated at a remote transceiver 
according to the prior art; 

[0024] Figure 4A illustrates a first exemplary MIMO wireless 
communications system according to the present invention; 

[0025] Figure 4B illustrates a second exemplary MIMO wireless 
communications system; 

[0026] Figure 5 is a functional block diagram of a medium access 
control (MAC) device according to the present invention; 

[0027] Figure 6A illustrates a first exemplary operating parameter 
generator in a wireless communications device that includes a rank computation 
module and a frame error rate (FER) generator; 

[0028] Figure 6B is a functional block diagram of a first exemplary link 
adaptation system that is based on a channel matrix and an FER; 
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[0029] Figure 7A illustrates a second exemplary operating parameter 
generator in a wireless communications device that includes an angle of array 
(AOA) generator and a packet error rate (PER) generator; 

[0030] Figure 7B is a functional block diagram of a second exemplary 
link adaptation system that is based on an AOA and PER; 

[0031] Figure 8A illustrates a third exemplary operating parameter 
generator in a wireless communications device that includes a received signal 
strength indicator (RSSI) generator and a bit error rate (BER) generator; 

[0032] Figure 8B is a functional block diagram of a third exemplary link 
adaptation system that is based on an RSSI and a BER; 

[0033] Figure 9A illustrates a fourth exemplary operating parameter 
generator in a wireless communications device that includes a signal quality (SQ) 
generator and a signal-to-noise (SNR) generator; 

[0034] Figure 9B is a functional block diagram of a fourth exemplary 
link adaptation system that is based on an SQ and an SNR; 

[0035] Figure 10 is a first flowchart illustrating steps performed by the 
link adaptation module of Figure 5; and 

[0036] Figure 11 is a second flowchart illustrating steps performed by 
the link adaptation module of Figure 5. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0037] The following description of the preferred embodiment(s) is 
merely exemplary in nature and is in no way intended to limit the invention, its 
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application, or uses. For purposes of clarity, the same reference numbers will be 
used in the drawings to identify similar elements. As used herein, the term 
module and/or device refers to an application specific integrated circuit (ASIC), 
an electronic circuit, a processor (shared, dedicated, or group) and memory that 
execute one or more software or firmware programs, a combinational logic 
circuit, or other suitable components that provide the described functionality. 

[0038] An achievable throughput for a wireless channel is heavily 
dependent on the statistical properties of the channel and the correlation 
between signals. A complex baseband vector of a single-user MIMO link is 
expressed as y = H-x + n, where y is an N x 1 receive vector, x is an M x 1 
transmit vector, n is an N x 1 additive white circularly symmetric complex 
Gaussian noise vector, and H is an N x M channel matrix. The channel matrix 



H = 



K\ Ki ••• Km 

h 2i h 22 Km 



, where hy is the complex gain of a channel between the 

L^/vi h N2 ••• h NM 

j th antenna of a transmitting wireless communications device and the i* antenna 
at a receiving wireless communications device. The complex gain may be 
expressed as h iJ =a + j0 = \h g \-e j<,,J . Complex gain terms of \h 0 \ are typically 
Rayleigh distributed in a rich-scattering environment where LOS does not exist 
between pairs of antennae at local and wireless communications devices. 

[0039] When a channel is known at a wireless communications device, 
the capacity C in bits per second per Hertz may be expressed as 
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C = log 2 



det 



M) 



HH 



, where H* is the complex conjugate transpose of H 



and I N is the N x N identity matrix. In the term p = — '- , E s is the average total 

N 0 

transmit power and p is the average total receive signal-to-noise ratio (SNR). 

E 

Also, expresses the transmit power per antenna. If r is the rank of the matrix 

M 

that represents the channel and X n where / = 1, 2, 3 r, expresses the 



positive eigenvalues of HH\ the capacity c = glog 2 jl + -^;i.J. Therefore, 

capacity scales linearly with rank r, which has a maximum value that is equal to 
the minimum of M and N. This is relative to a single input single output (SISO) 
wireless channel that includes one antenna at both the local and wireless 
communications devices. However, this assumes that the channel operates in a 
rich-scattering environment as illustrated in Figure 2. Additionally, it assumes 
that the channel matrix H has full rank and independent entries and that perfect 
channel estimates of the gains are available at the wireless communications 
device. If, for any reason, the rank reduces, the capacity reduces. 

[0040] In a line of sight (LOS) environment, insufficient scattering 
and/or spacing between antennas exists, which causes fading to be correlated. 
In such an environment, the rank of H may reduce to 1 and the expression for 
capacity becomes C = log 2 (l + iv>). This is similar to a situation where only 
receive diversity exists. Therefore, capacity scales logarithmically with N as 
opposed to linearly. To achieve a comparable capacity, the SNR must be 
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significantly increased in an LOS environment. This is commonly done by 
increasing the transmit power. However, as discussed above, transmit power in 
wireless channels is restricted by regulatory bodies. 

[0041] Even if a high SNR is achieved in a power-limited system where 
fading is correlated, it is unlikely that the system can support an M-fold increase 
in capacity with the addition of M antennae at a wireless communications device. 
Additionally, even when minimal fading correlation exists, the rank of a channel 
matrix for a wireless communications system that operates in a "keyhole" effect 
environment may reduce to 1. Therefore, an increase in the channel bandwidth 
may be required to maintain a desired throughput in a MIMO wireless 
communications system. Since space-time processing techniques are largely 
ineffective in wireless channels where fading is correlated, measurements of the 
condition of a wireless channel may be used to adaptively select a channel 
bandwidth that is sufficient to maintain a desired throughput. Additionally, an 
amount of spatial multiplexing may be adjusted or a space-time processor may 
disable spatial multiplexing based on the condition measurements. In the event 
that spatial multiplexing is disabled, SISO techniques may be employed to achieve 
as high a throughput as possible. For example, the constellation size, transmit 
power, and/or coding may be adjusted to increase throughput when spatial 
multiplexing is disabled. 

[0042] Referring now to Figure 4A, a MIMO wireless communications 
system 56 includes a wireless communications device 58 and a remote wireless 
communications device 60. The wireless communications device 58 includes a 
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RF transceiver 61 with M antennae 62 and the remote wireless communications 
device 60 includes a RF transceiver 63 with N antennae 64. In an exemplary 
embodiment, the RF transceiver 61 includes at least two antennae and the 
remote RF transceiver 63 includes at least two antennae. Additionally, a first 
number of antennae at the remote RF transceiver 63 is preferably at least as 
great as a second number of antennae at the RF transceiver 61 . 

[0043] The RF transceivers 61 and 63 transmit/receive signal 
transmissions through h ih illustrated at 66. The wireless communications device 
58 includes a medium access control (MAC) device 68 that controls access to 
the wireless medium. The MAC device 68 includes a link adaptation module 70, 
a space-time processor 72, and an operating parameter generator 74. The 
remote wireless communications device 60 likewise includes a MAC device 76 
that includes a link adaptation module 78, a space-time processor 80, and an 
operating parameter generator 82. 

[0044] Link adaptation module 70 adjusts transmit parameters of the 
wireless communications device 58 including the bandwidth based on operating 
parameters that are generated by the operating parameter generator 82 of the 
remote wireless communications device 60. Link adaptation module 70 also 
adjusts the operation of the space-time processor 72 based on these operating 
parameters. For example, the link adaptation module 70 may instruct the space- 
time processor 72 to increase, decrease, or cease spatial multiplexing. 
Operating parameter generator 74 generates operating parameters that indicate 
the condition of the channel for other communications devices based on signals 
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received from the remote wireless communications device 60. The operating 
parameters may include signal correlation properties and transmission error 
rates. 

[0045] Referring now to Figure 4B, an exemplary MIMO wireless 
communications system 83 includes wireless communications device 58 and a 
remote wireless communications device 84. The remote wireless 
communications device 84 includes a remote RF transceiver 85 and a MAC 
device 86. The MAC device 86 includes an operating parameter generator 87. 
The operating parameter generator 87 sends operating parameters that indicate 
a condition of the wireless channel to wireless communications device 58. The 
operating parameters are based on signals that are received by the remote 
wireless communications device 84 and that are from wireless communications 
device 58. The link adaptation module 70 receives the operating parameters and 
adjusts the bandwidth and/or the space-time processing configuration of the 
wireless communications device 58 based on the operating parameters. 

[0046] Referring now to Figure 5, the MAC device 68 of the wireless 
communications device 58 is illustrated in further detail. The link adaptation 
module 70 communicates with the space-time processor 72 and the operating 
parameter generator 74. The link adaptation module 70 includes a transmission 
error module 88 and a signal correlation module 89. The transmission error 
module 88 receives operating parameters from the operating parameter 
generator 87 of the remote wireless communications device 84 that indicate the 
transmission error rate of the channel. For example, the transmission error rate 
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may be a frame error rate (FER), a signal quality (SQ) measurement, or another 
operating parameter. Based on the transmission error rate, the transmission 
error module 88 determines whether the wireless communications device 58 is 
maintaining a desired throughput. When the transmission error module 88 
determines that the wireless communications device 58 is not maintaining a 
desired throughput, the link adaptation module 70 adjusts the bandwidth and/or 
the space-time processing properties such an amount of spatial multiplexing. 

[0047] The signal correlation module 89 also receives operating 
parameters from the operating parameter generator 87. The operating 
parameters indicate a correlation measurement of signals that are received by 
the remote wireless communications device 84. For example, the correlation 
measurement may be a rank of the channel matrix, an angle of array (AOA) of 
the signal at the remote wireless communications device 84, or another operating 
parameter. Based on the correlation measurement, the signal correlation module 
89 determines whether the MIMO wireless communications system 83 is 
operating in a rich-scattering environment or another environment such as a line 
of sight (LOS) environment. The link adaptation module 70 adjusts the 
bandwidth of the wireless communications device 58 and/or the space-time 
processing properties of the space-time processor 72 based on the correlation 
properties of the wireless channel. 

[0048] When the wireless channel operates in a rich-scattering 
environment, space-time processing techniques are utilized to improve the 
throughput and the reliability of transmitted data. When the channel conditions 
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are such that space-time processing techniques can no longer maintain a desired 
throughput, the link adaptation module 70 increases the bandwidth. For 
example, an exemplary IEEE 802.11a system in a correlated fading environment 
achieves 54 Mbps over a 20 MHz channel using a 64QAM constellation. The 
system requires a constellation size of 4096 in order to double the bit-rate 
using the same channel bandwidth and the same symbol rate. Therefore, 
depending on the rank and the receive SNR, two or more 20 MHz channels are 
required to achieve three times the bit-rate of the single 20 MHz channel. 

[0049] A lower channel bandwidth may be utilized when the channel 
conditions allow for successful use of space-time processing techniques. This 
maximizes the chance of finding a clear channel and reduces interference with 
other systems that share the same frequency band. A higher channel bandwidth 
is utilized when channel conditions are not favorable for spatial multiplexing. The 
link adaptation module 70 preferably chooses consecutive channels when 
increasing bandwidth to minimize the complexity of the front end. However, non- 
adjacent channels may also be utilized to maximize the chance of finding a clear 
channel or to obtain frequency diversity. 

[0050] The link adaptation module 70 adjusts a bandwidth usage of the 
wireless communications device 58 and/or a system rate based on the 
transmission error rate and the correlation measurement. The link adaptation 
module 70 adjusts the system rate by adjusting an amount of spatial multiplexing 
that is executed by the space-time processor 72. For example, the wireless 
communications device 58 sets a desired throughput and the link adaptation 
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module 70 adjusts the bandwidth and/or the amount of spatial multiplexing to 
maintain the desired throughput. The link adaptation module 70 may also initially 
instruct the space-time processor 72 to implement a maximum amount of spatial 
multiplexing to operate the system at the highest possible rate. When the 
correlation measurement is sufficiently low and the transmission error rate is also 
high, the link adaptation module 70 instructs the space-time processor 72 to 
decrease the amount of spatial multiplexing. The link adaptation module 70 may 
also turn disable spatial multiplexing to conserve power while the remote wireless 
communications device 84 operates as a SISO decoder. 

[0051] The link adaptation module 70 decreases the bandwidth and 
increases the amount of spatial multiplexing when the transmission error rate is 
less than a first predetermined value and the correlation measurement is less 
than a second predetermined value. A low transmission error rate and 
correlation measurement are indicative of a rich-scattering wireless channel 
environment. Therefore, the link adaptation module 70 decreases the bandwidth 
to conserve resources. Also, the space-time processor 72 takes advantage of 
the rich-scattering environment by operating the system at as high a rate as 
possible by utilizing a maximum amount of spatial multiplexing. For example, the 
transmission error module 88 and the signal correlation module 89 may compare 
the transmission error rate and the correlation measurement to predetermined 
thresholds. Based on the relationship between the operating parameters and the 
predetermined thresholds, the transmission error module 88 and the signal 
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correlation module 89 may generate control signals and send the control signals 
to the link adaptation module 70. 

[0052] The link adaptation module 70 increases the bandwidth and 
decreases the amount of spatial multiplexing when the transmission error rate is 
greater than the first predetermined value. A high transmission error rate and 
correlation measurement are indicative of an environment such as a line of sight 
(LOS) environment, where space-time processing techniques are largely 
ineffective. Therefore, the link adaptation module 70 increases the bandwidth to 
attempt to maintain the desired throughput. When the correlation measurement 
of the signals at the remote wireless communications device 84 is very high, 
space-time processing techniques may be completely ineffective and the link 
adaptation module 70 may disable spatial multiplexing to conserve power. In an 
exemplary embodiment, the link adaptation module of the present invention is 
otherwise compliant with at least one of IEEE 802.11, 802.11a, 802.1 1g, 
802.1 1n, and 802.16, which are hereby incorporated by reference in their 
entirety. 

[0053] Referring now to Figures 6A and 6B, the operating parameter 
generator 87 of the remote wireless communications device 84 includes a rank 
computation module 96 and a frame error rate (FER) generator 98. The rank 
computation module 96 determines the rank of the channel matrix and the FER 
generator 98 determines an FER between the wireless communications device 
58 and the remote wireless communications device 84. The rank of a matrix is 
equal to the number of linearly independent rows or columns in the matrix. For 
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example, the rank of the channel matrix H may be computed using Gaussian 
elimination methods. For example, a high rank may indicate a rich-scattering 
environment and a low rank may indicate an LOS environment. The remote 
wireless communications device 84 sends the rank and the FER to the link 
adaptation module 70 of the wireless communications device 58. 

[0054] Referring to the link adaptation module 70 of Figure 6B, the 
signal correlation module 89 compares the rank to a first threshold and generates 
a signal correlation control signal 102 based on the comparison. Similarly, the 
transmission error module 88 compares the FER to a second threshold and 
generates a transmission error control signal 104 based on the comparison. A 
spatial multiplexing adjustment module 106 and a bandwidth adjustment module 
108 receive the transmission error control signal 104 and the signal correlation 
control signal 102. The bandwidth adjustment module 108 adjusts the bandwidth 
of the wireless communications device 58 and the spatial multiplexing adjustment 
module 106 adjusts the amount of spatial multiplexing based on the control 
signals 102 and 104. Additionally, both the spatial multiplexing adjustment 
module 106 and the bandwidth adjustment module 108 includes maximum and 
minimum thresholds 110 and 112, respectively, that define the ranges in which 
the properties may be adjusted. 

[0055] Referring now to Figures 7A and 7B, the operating parameter 
generator 87 of the remote wireless communications device 84 includes an angle 
of array (AOA) generator 120 and a packet error rate (PER) generator 122. The 
AOA generator 120 determines an angle of array of the signal at the remote 
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wireless communications device 84, and the PER generator 122 determines a 
PER between the wireless communications device 58 and the remote wireless 
communications device 84. For example, a high AOA may indicate a rich- 
scattering environment and a low AOA may indicate an LOS or "keyhole" effect 
environment. The remote wireless communications device 84 sends the AOA 
and the PER to the link adaptation module 70 of the wireless communications 
device 58. 

[0056] Referring to the link adaptation module 70 in Figure 7B, the 
signal correlation module 89 compares the AOA to a first threshold and 
generates the signal correlation control signal 102 based on the comparison. 
Similarly, the transmission error module 88 compares the PER to a second 
threshold and generates the transmission error control signal 104 based on the 
comparison. The spatial multiplexing adjustment module 106 and the bandwidth 
adjustment module 108 receive the transmission error control signal 104 and the 
signal correlation control signal 102. 

[0057] Referring now to Figures 8A and 8B, the operating parameter 
generator 87 of the remote wireless communications device 84 includes a 
received signal strength indicator (RSSI) generator 130 and a bit error rate (BER) 
generator 132. The RSSI generator 130 determines a strength of the signal at 
the remote wireless communications device 84, and the BER generator 132 
determines a BER between the wireless communications device 58 and the 
remote wireless communications device 84. For example, a high RSSI and a 
high BER may indicate an LOS or "keyhole" effect environment when the amount 
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of spatial multiplexing is high. The remote wireless communications device 84 
sends the RSSI and the BER to the link adaptation module 70 of the wireless 
communications device 58. 

[0058] Referring to the link adaptation module 70 in Figure 8B, the 
signal correlation module 89 compares the RSSI to a first threshold and 
generates the signal correlation control signal 102 based on the comparison. 
The transmission error module 88 compares the BER to a second threshold and 
generates the transmission error control signal 104 based on the comparison. 
The spatial multiplexing adjustment module 106 and the bandwidth adjustment 
module 108 receive the transmission error control signal 104 and the signal 
correlation control signal 102. 

[0059] Referring now to Figures 9A and 9B, the operating parameter 
generator 87 of the remote wireless communications device 84 includes a signal 
quality (SQ) generator 140 and a signal-to-noise ratio (SNR) generator 142. 
Assuming that an SQ measurement provides an indication of a packet error rate 
or a bit error rate, the SQ generator 140 determines a quality of the signal at the 
remote wireless communications device 84. The SNR generator 142 determines 
whether the wireless channel is noisy. For example, a low SQ and a high SNR 
may indicate an LOS or "keyhole" effect environment when the amount of spatial 
multiplexing is high. The remote wireless communications device 84 sends the 
SQ and the SNR to the link adaptation module 70 of the wireless 
communications device 58. 
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[0060] Referring to the link adaptation module 70 in Figure 9B, the 
signal correlation module 89 compares the SNR to a first threshold and 
generates the signal correlation control signal 102 based on the comparison. 
The transmission error module 88 compares the SQ to a second threshold and 
generates the transmission error control signal 104 based on the comparison. 
The spatial multiplexing adjustment module 106 and the bandwidth adjustment 
module 108 receive the transmission error control signal 104 and the signal 
correlation control signal 102. Those skilled in the art can appreciate that the link 
adaptation module may operate based on operating parameters or metrics of the 
wireless channel other than those illustrated in Figures 6A-9B. 

[0061] Referring now to Figure 10, a first exemplary link adaptation 
algorithm that is implemented by the link adaptation module 70 begins in step 
150. In step 152, the link adaptation module 70 sets a desired throughput, an 
initial bandwidth, and an initial amount of spatial multiplexing. In step 153, the 
rank computation module 96 computes the rank. In step 154, the signal 
correlation module 89 reads the rank, and the transmission error module 88 
reads the frame error rate (FER). In step 156, control determines whether the 
FER is greater than a first predetermined value. If true, control proceeds to step 
158. If false, control proceeds to step 160. 

[0062] In step 158, the link adaptation module 70 increases the 
bandwidth and decreases the amount of spatial multiplexing. In step 162, control 
determines whether the FER is greater than the first predetermined value. If 
false, control ends. If true, control returns to step 158. In step 160, control 
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determines whether the rank is greater than a second predetermined value. If 
false, control ends. If true, control proceeds to step 164. In step 164, the link 
adaptation module 70 decreases the bandwidth and increases the amount of 
spatial multiplexing. In step 166, control determines whether the FER is greater 
than the first predetermined value. If false, control returns to step 164. If true, 
control proceeds to step 168. In step 168, the link adaptation module 70 
increases the bandwidth and decreases the amount of spatial multiplexing and 
control ends. Alternatively, the link adaptation module 70 may select a different 
channel in step 158 instead of increasing the bandwidth in the event that only the 
current channel is operating defectively. 

[0063] Referring now to Figure 1 1 , a second exemplary link adaptation 
algorithm that is implemented by the link adaptation module 70 begins in step 
176. In step 178, the link adaptation module 70 sets a desired throughput, an 
initial bandwidth, and an initial amount of spatial multiplexing. In step 180, the 
signal correlation module 89 reads the signal-to-noise ration (SNR) and the 
transmission error module 88 reads the signal quality (SQ) measurement. In 
step 182, control determines whether the SQ measurement is less than a first 
predetermined value. If true, control proceeds to step 184. If false, control 
proceeds to step 186. 

[0064] In step 184, the link adaptation module 70 increases the 
bandwidth and decreases the amount of spatial multiplexing. In step 188, control 
determines whether the SQ measurement is less than the first predetermined 
value. If false, control ends. If true, control returns to step 184. In step 186, 
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control determines whether the SNR is greater than a second predetermined 
value. If false, control ends. If true, control proceeds to step 190. In step 190, 
the link adaptation module 70 decreases the bandwidth and increases the 
amount of spatial multiplexing. In step 192, control determines whether the SQ is 
less than the first predetermined value. If false, control returns to step 190. If 
true, control proceeds to step 194. In step 194, the link adaptation module 70 
increases the bandwidth and decreases the amount of spatial multiplexing and 
control ends. Alternatively, the link adaptation module 70 may select a different 
channel in step 184 instead of increasing the bandwidth in the event that only the 
current channel is operating defectively. 

[0065] The first and second exemplary link adaptation algorithms of 
Figures 10 and 11 utilize rank as well as SQ and SNR, respectively, as the 
correlation measurement. However, other parameters such as angle of array 
(AOA) and/or a received signal strength indicator (RSSI) may be used to 
determine the correlation of signals in the wireless channel. Additionally, while 
FER and SQ were used in Figures 10 and 11, respectively, as a measure of 
transmission error rate, other parameters such as bit error rate (BER) and packet 
error rate (PER) may be used to indicate whether the desired bandwidth is being 
maintained. However, SQ typically increases as the transmission error rate 
decreases and FER/BER/PER typically decrease as transmission error rate 
decreases. Therefore, other measures of a transmission error rate may not be 
completely interchangeable with SQ in Figure 1 1 . 
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[0066] The wireless communications device 58 may receive a negative 
acknowledgement (NACK) to indicate an unsuccessfully transmitted symbol. 
Furthermore, there is a conceivable limit at which the link adaptation module 70 
can no longer increase the bandwidth due to the wireless channel conditions. In 
this case the link adaptation module 70 may have to resort to increasing the 
transmit power as high as possible and accepting a throughput that is less than 
the desired throughput. 

[0067] The link adaptation module 70 of the present invention utilizes 
correlation measurements of signals in the wireless channel at the remote wireless 
communications device 84 to adaptively choose a bandwidth that is sufficient to 
maintain a desired throughput. The transmission error module 88 indicates when 
the wireless communications device 58 is unable to maintain the desired throughput 
for a given bandwidth. The signal correlation module 89 determines when space- 
time processing techniques may be ineffective. The link adaptation module 70 
preferably determines whether the desired throughput is being maintained 
continuously and adapts by adjusting the bandwidth after a predetermined number 
of failed packets. In a rich-scattering environment, space-time processing 
techniques are effective and less bandwidth may be utilized. As soon as space-time 
techniques are unable to support a desired throughput, the link adaptation module 
70 increases the bandwidth and decreases the amount of spatial multiplexing. 

[0068] The link adaptation module 70 may operate with or without 
feedback. For example, in many wireless channels a remote transceiver sends an 
acknowledgement packet following each packet that is sent by a transceiver. If 
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operating parameters are unavailable from the remote wireless communications 
device 84, brute force exhaustive trials may also be used to determine a sufficient 
bandwidth to sustain a desired throughput. For example, the wireless 
communications device 58 may begin transmitting at a desired bit-rate. If the 
transmissions fail, the wireless communications device 58 can incrementally occupy 
more channels until a desired throughput is achieved. While the link adaptation 
algorithm of the present invention uses additional processing time, its benefits 
outweigh the added processing time when a specific throughput is critical to an 
application. Additionally, depending on a current application, the link adaptation 
module 70 may be temporarily disabled or only utilized at specified times while 
executing applications. For example, the level and extent of adaptation may be 
altered. 

[0069] Those skilled in the art can now appreciate from the foregoing 
description that the broad teachings of the present invention can be implemented 
in a variety of forms. Therefore, while this invention has been described in 
connection with particular examples thereof, the true scope of the invention 
should not be so limited since other modifications will become apparent to the 
skilled practitioner upon a study of the drawings, specification, and the following 
claims. 
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